Recent observations with the ISEE 1 spacecraft have found electric field emissions in the dayside magnetosheath whose frequency spectrum is modulated at twice the spacecraft spin period. The upper frequency cutoff in the frequency-time spectrum of the emission has a characteristic parabola shape or "festoon" shape. The low-frequency cutoff ranges from 100 to 400 Hz, while the high-frequency limit ranges from about 1 to 4 kHz. The bandwidth is found to minimize for antenna orientations parallel to the wave vectors. The wave vector does not appear to be related to the local magnetic field, the plasma flow velocity, or the spacecraft-sun directions. The spacecraft observed frequency spectrum results from the spacecraft antenna response to the Doppler-shifted wave vector spectrum which exists in the plasma. Imposed constraints on the plasma rest frame wave vectors and frequencies indicate that emissions occur within the frequency range from about 150 Hz to 1 kHz, with wavelengths between about 40 and 600 m. These constraints strongly suggest that the festoon-shaped emissions are ion-acoustic waves. The small group velocity and k direction of the ion-acoustic mode are consistent with wave generation upstream at the bow shock and convection downstream to locations within the outer dayside magnetosheath.
INTRODUCTION
Wideband electrostatic noise is a general description of all low-frequency electrostatic waves which are characterized by a wide spectrum of frequencies. Waves of this nature are found at low altitudes in the auroral regions [Scarf et al., 1966; Kintner, 1976] , in the earth's distant magnetosphere on auroral field lines [Scarf et al., 1973; Gurnett and Frank, 1977] , at boundaries such as the plasmapause [Scarf et al., 1972] and the plasma sheet boundary layer in the magnetotail [Gurnett et al., 1976] , and in the dayside magnetosheath [Fredericks et al., 1970; Rodriguez and Gurnett, 1975; Rodriguez, 1979] . Most forms of broadband electrostatic waves appear to be associated with field-aligned current or turbulent processes and usually do not possess any discrete features in frequency-time spectrograms. The absence of discrete spectral features makes it difficult to associate the spectrum with a particular wave mode. Usually, plasma wave emissions are identified with a discrete frequency such as the electron plasma frequency or found to possess a well-defined upper or lower frequency cutoff as in the case of continuum radiation [Gurnett and Shaw, 1973] . The waves which are studied in this paper are electrostatic and broadband in frequency and are found in the outer magnetosheath at frequencies from a few hertz to several kilohertz. They are unique, however, in that they possess discrete spectral features. The observation of these spectral features was first reported by Anderson et al. [1982] . Anderson et al. described the frequency-time spectrograms of these waves to be like "garlands handing in a curve" or "festoon-shaped." The upper frequency cutoff in the frequency-time spectrum of the emissions has a characteristic shape which is analogous to a ribbon hanging in a curve. upper cutoff frequencies of the emission is the feature referred to as a festoon. As will be discussed, the festoon-shaped modulation of the upper cutoff frequency is directly related to the rotation of the spacecraft. The purpose of this work is to examine the observed wave characteristics and to extend that information to a description of the wave environment and origins. First, restrictions on the possible wave number-frequency spectrum of the waves in the plasma frame of reference are inferred by model fitting the antenna response. Wave polarization can be determined when the wave intensity is modulated in amplitude by the rotation of the dipole antenna used in the observation [Gurnett et al., 1976] . For an emission characterized by a single wavelength larger than the dipole antenna, the antenna response is sinusoidal with its rotation. When a spectrum of wave number (k = 2r•/it) is present with wavelengths comparable to the antenna length, the antenna response is more complex, and information can be obtained on the wave number spectrum from the antenna response. Next, cold plasma wave modes [Stix, 1962] and hot plasma wave modes [Krall and Trivelpiece, 1973 ] are examined as candidates for explaining the "festoon-shaped" modulation. Plasma wave modes are evaluated on the basis of satisfying the restrictions imposed by antenna response modeling and the plasma environment of the spacecraft. Finally, the possible origins of these emissions are discussed. Wave generation at locations within the magnetosheath and at the bow shock are considered.
This study uses data acquired by the International SunEarth Explorer Satellites (ISEE) 1 and 2. These spacecraft are in highly elliptical orbits inclined at about 30 ø to the ecliptic plane, with an apogee near 22.5 R e . The measurements from the ISEE 1 spacecraft which are used here are made with the 215-m fine wire electric dipole antenna. The antenna is oriented normal to the spin axis of the spacecraft. The antenna rotates in a plane referred to as the spin plane which is essentially coplanar with the solar ecliptic plane. The antenna and spacecraft rotate with a 3-s period. ISEE 2 electric field measurements are made with the 30-m fine wire electric dipole antenna. The ISEE 2 spacecraft also spins with a rotation period of 3 s. The antenna spin plane of ISEE 2 is essentially the same as that of ISEE 1. Detailed information about the plasma wave instruments on board the ISEE 1 and ISEE 2 spacecrafts can be found in the work by Gurnett et al. [1978] . Four channels of spectrum analyzer electric field measurements for a typical ISEE 1 pass through the magnetosphere are shown in Figure 4 . The bow shock encounter at about 0900 UT is characterized by a sharp increase in wave intensity in all four frequency channels. Festoon-shaped waves begin at the bow shock encounter and extend with decreasing amplitude into the magnetosheath, downstream of the shock. The event chosen for analysis extends from 0957 to 1000 UT (indicted by arrow). This event is characteristic of the emission;
i.e., the spectral power extends above the 3.11-kH channel in Figure 4 and falls sharply with increasing frequency.
Electric to Magnetic Field Ratio
Although magnetic fluctuations exist at the selected event times, the frequency is limited from 5.6 to 311 Hz. In the frequency range of the festoon-shaped electric field emission the magnetic field strength is below the instrument noise level.
In a plasma the ratio of magnetic field strength to electric field strength, cB/E, gives the local index of refraction, n, for electromagnetic waves propagating parallel to the magnetic field. If cB/E << n, the wave may be considered to be electrostatic. The measured value of cB/E at about 600 Hz is 4.5. Because the magnetic field strength is at the instrument noise level, the true value of the ratio may be less. The index of refraction for whistler mode waves [Stix, 1962] T. E. Eastman (private communication, 1982) with nonresonant cold plasma whistler mode waves. Consequently, these waves are effectively electrostatic.
Spectral Structure Versus Antenna Orientation
To understand fully the relationship between the antenna orientation and the observed spectral characteristics, it is first useful to review the characteristic directions that can exist in these observations. Three directions may be relevant to the analysis of these data: the spacecraft-sun direction, the local magnetic field direction, and the plasma flow direction. The magnetic field vector and plasma flow velocity are given in Table 1 , where .the occurrence was correlated to low-frequency magnetoacoustic waves. Tsurutani et al. [1982] have most recently identified those low-frequency/long-wavelength magnctohydrodynamic structures as nonoscillatory "waves" generated by the drift mirror instability. The festoon-shaped events were observed during the high magnetic field and low-density phase of these magnctohydrodynamic structures.
Region of Occurrence
The events which have bccn found begin at the bow shock and extend inward to locations which approach the magnetopause, i.e., within the outer magnetosheath. Events are found on the dayside of the earth, from 6 to 18 hours magnetic local time. It will bc shown that the frequency-time character of these emission is a consequence of the polarization of the observed waves and the antenna pattern for varying wavelengths. Because the festoon shape of the emission is a consequence of the dipole antenna and emission polarization and not magnetosheath location, a single interval of observations will bc studJcd in'detail and used to develop an understanding of the observed frcqucnc.y-timc structure. 
where li primary ion current; l•,h photoelectron current; lse secondary and backscatter electron current; I e primary electron current.
The secondary ion current is neglected, and the net current I into the antenna will be zero in equilibrium. The conductive antenna impedance Z R is determined from the derivative of the net current I with respect to the antenna potential •:
Equations ( The corresponding minimum wavelength is of the order of 40 m, and because wavelengths less than this magnitude are not likely to exist is an additional reason for not expecting to find the festoon-shaped effect with ISEE 2. In fact, no festoon-shaped modulations are found in the ISEE 2 wideband spectrograms.
On the basis of the above antenna modeling, the existence of wavelengths both shorter and longer than the antenna is necessary to explain the structure in the frequency-time spectra illustrated in Figure 1 . The connection between wave number and frequency is described by the Doppler shift equa- The dependence of kom on the antenna rotation angle is the reason for the festoon shape seen in Figure 9 . The effect illustrated in Figure 9 can be combined with (12) to explain the observed frequency-time spectrum of the emission. This result is similar to the measured power spectrum dependence on wave number and antenna orientation, derived for double probes by Ternerin [1979] .
Detailed Model Evaluation of Selected Events
The next step is too apply the model described in a thermal plasma at wavelengths much less than the ion gyroradius [Stix, 1962] . From the magnetic field strength in Table 1 Whistler mode resonances remain a possible source of the festoon-shaped events. Additional constraints on whistler mode waves may be derived because of the characteristics of a wave mode at a resonance. Before proceeding, it is desirable to sketch the geometry in the antenna spin plane, as is done in Figure 13 . The projected plasma flow and magnetic field vectors are shown along with the orientation of k,. Because k, is confined to a line in the antenna spin plane and k: is essentially unknown, there exists a plane perpendicular to the spin plane within which the wave vector must be contained. Additional restrictions can be made by realizing that resonance of a whistler mode at a particular angle to the magnetic field is a source of large wave numbers. A wave vector directed along a resonance cone could produce the required wave number spectrum but would be characterized by wave vectors confined to a narrow range of angles to the magnetic field. From From the parameters in Table 1 the condition for strong damping becomes i •< 100 iDe, where i = ace is also shown in Figure 13 . Because whistler mode waves will be strongly damped for the wave numbers known to exist, it is unlikely that the whistler mode is responsible for the festoon-shaped events.
The remaining cold plasma wave modes occur at high frequencies just above the electron plasma frequency. These are quasi-transverse left-and right-hand polarized waves and the quasi-longitudinal wave mode. The quasi-transverse waves exhibit a cutoff at and just above the electron plasma frequency for the left-and right-hand modes, respectively. These wave modes are too high in frequency and therefore can be discarded as candidates for explaining the magnetosheath elec- A concern associated with the propagation of ion-acoustic waves from the bow shock to spacecraft locations within the magnetosheath is that ion-acoustic waves are strongly damped unless Te/T • << 1. Thorne and Tsurutani [1981] state that magnetosheath protons have thermal energies considerably larger than electron (T• ,-, 200 eV and T e = 30 eV). In general, the ion to electron temperature ratio in the magnetosheath is found to be 3 < TdTe < 10 [Ogilvie and Scudder, 1979; Sckopke et al., 1981; T. E. Eastman, private communication, 1982] . For the specific event studied and the measured plasma flow and wave group velocities, the transit time of ion-acoustic waves from the bow shock to the spacecraft is no less than about 30 s. If the ion-acoustic waves were heavily damped by the magnetosheath plasma, they would not be observed at the spacecraft location. As noted above, the wave emission decreases in amplitude as the spacecraft moves downstream from the bow shock. However, detailed growth rate calculations with observed particle distributions are necessary before it can be determined if bow shock wave generation is consistent with these observations. Of interest is the apparent existence of two rates or levels of wave amplitude decrease evident in Figure 4 . From 0920 UT to 9029 UT in Figure 4 the wave amplitude drops rapidly, dropping at a faster rate at the high frequencies. From 0920 UT to 1000 UT the emission amplitude is nearly constant, on average. The effect may reflect the thermalization of solar wind ions entering the magnetosheath. Electrons experience an abrupt change in thermal temperature at the bow shock, while ions thermalize more slowly (M. F. Thomsen,  private communication, 1982) . Because the damping of ion-acoustic waves will be strongly influenced by Te/Ti, the sharp drop in intensity of the waves during the first 2000 km after crossing the bow shock and passing into the magnetosheath may correspond to the region over which solar wind ions thermalize in the magnetosheath and at the bow shock.
CONCLUSIONS
This study has sought to explore the characteristics and causes of the "festoon-shaped" electric field spectrum found in the earth's magnetosheath. The importance of understanding these emissions is evident by their frequent occurrence. They are seen over wide ranges of local time and across the outer magnetosheath. The "festoon shape" seen in frequency-time spectrogram results from the antenna pattern for electric field wavelengths comparable to the ISEE 1 antenna length (L = 215 m). Given the Doppler shift of a plasma rest frame spectrum of wave numbers, the observed frequency is shown to be related to the wave vector component in the antenna spin plane. The fine time structure evident in the spectral shape is a consequence of the narrow confinement of all wave vectors to a plane which contains the z axis in GSE coordinates and projects to a line in the antenna spin plane.
Of all the cold and hot plasma wave modes considered, the restrictions which are imposed upon possible wave numberfrequency values in the plasma frame of reference eliminate likely participation of all but one normal plasma wave mode in the generation of these emissions. That mode is the ionacoustic wave mode. This conclusion confirms previous speculations by several investigators [e.g., Fredericks et al., 1970; Rodriguez, 1979] .
In the rest frame of the plasma, ion-acoustic waves are produced at frequencies in the range from about 150 Hz to 4 kHz and at wavelengths from about 40 to 600 m. The ion-acoustic waves are thought to be produced upstream at the earth's bow shock, where electrons passing through a shock acceleration region produce an unstable particle velocity distribution. It is additionally hypothesized that the wave vectors are produced with orientations defined by the bow shock and that this geometry is characteristic of the waves as they are convected into the magnetosheath. The festoon-shaped events and therefore ion-acoustic waves are found to be a common characteristic of the earth's dayside magnetosheath.
A self-consistent picture has been assembled of the magnetosheath environment during the observation of electrostatic fields which exhibit a "festoon-shaped" frequencytime structure in phase with the rotation of the observing dipole antenna. This does not mean that these observations may have no other explanation. It does mean that any explanation of all salient features is highly constrained by the collection of presented evidence. Should this picture be sustained by subsequent investigation, an additional tool is obtained for the study of the complex processes operating in the earth's magnetosheath and at the bow shock. The secondary ion current will be neglected and the net current I into the antenna will be zero in equilibrium. The form of the individual terms depend upon the antenna potential ß which will be taken to be -1 V. In the following text, each term will be estimated and the conductive impedance ZR will be determined from the derivative of the net current I with respect to the antenna potential O: dI/dO = 1/ZR (A2)
The primary ion current density may be estimated simply from Ji --eft l)Ti where VTi is for a thermal temperature of 90 eV from Table 1 .
Assuming a density of 58 cm -3, also from Table 1 The maximum yield fraction (6max) and energy (Emax) for the antenna material beryllium-copper is taken from Allen [1950] to be 2.2 and 300 eV, respectively. Although oxidation of the antenna due to exposure to the atmosphere before launch or due to the magnetospheric environment will cause an increase in the yield fraction and energy, these effects will be of little importance over the measured electron distribution in the magnetosheath. The secondary electron current is estimated by including the secondary yield fraction given by (A4) in the integrand of (A3). The resulting integration gives an estimate lse = 1.9 gA.
Although not directly important to the calculation of conductive impedance, it is worthwhile to note that the estimates for the terms in (A1) do not sum to zero. Instead, the net current is estimated to be I = 0.6 #A. Owing to the difficulty of estimating in-flight photoelectron and secondary electron currents, it is not appropriate to conclude that the antenna is not in equilibrium. Since zero net current can be obtained with as little as a 30% reduction in the photoelectron and secondary electron currents, the estimates for the current terms in (A1) is considered to be acceptable.
The conductive impedance is estimated from (A2). For a probe at negative potential to the plasma, only the primary and secondary electron currents are likely to change significantly for small changes in probe potential. For the ISEE 1 antenna the change in secondary electron current for a 1-¾ change in antenna potential is insignificant, because the secondary yield fraction is insignificant at 1 e¾. The change in primary electron current, is approximately Ale = 83 pA. From (A2) the conductive impedance of the ISEE 1 antenna is therefore estimated to be ZR = 10 •ø ohms.
